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MULTIPLE DEGREE OF FREEDOM MICRO 
ELECTRO-MECHANICAL SYSTEM 
POSITIONER AND ACTUATOR 

This application is related to US. patent application Ser. 
No. 10/175,415, ?led on Jun. 19, 2002, entitled “Six Degree 
of Freedom Flexure Stage”. 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 
The present invention relates generally to a MEMS (Micro 

Electro-Mechanical Systems) device, and more particularly, 
to a micro-scale alignment device capable of repeatedly 
aligning a stage portion relative to a support structure With a 
relatively high degree of accuracy and precision With up to six 
degrees of freedom. 

(2) Background Information 
There is a groWing need for ?ne motion control and posi 

tioning at micro and nano scales, such as for the groWing 
number of MEMS applications, including active alignment of 
?ber optic elements, x-y stages With nanometer level resolu 
tion, and machine elements for micro-scale machinery. Also, 
micro-mirrors, micro-resonators, and manipulation for bio 
molecules . . . etc Will require multi-axis nano and micro 

positioners. 
Culpepper, in US. patent application Ser. No. 10/175,415, 

?led on Jun. 19, 2002, entitled “Six Degree of Freedom Flex 
ure Stage”, (the ‘415 reference’) Which is fully incorporated 
herein by reference, discloses an adjustable monolithic com 
pliant mechanism. This compliant mechanism includes a 
stage Which may be adjusted by displacing one or more tabs 
coupled thereto, to provide for controlled movement in six 
degrees of freedom. 

Next generation applications (e.g., ?ber optic alignment, 
optical sWitching, and the like) Will require precision align 
ment devices capable of being fabricated on a micro- or 
nano-scale, e.g., as MEMS devices fabricated on a chip-level 
using many conventional semiconductor fabrication tech 
niques, and Which are capable of providing high resolution 
(i.e., nanometer/microradian) position control With six 
degrees of freedom (i.e., x, y, Z, 0x, By, and 02). 

Indeed, as shoWn in FIG. 1, a lateral misalignment as small 
as 0.001 mm have been shoWn to generate insertion losses in 
?ber optics of 1 dB. Likewise, angular misalignment as small 
as 0.001 rad (0.057 degree) may result in more than 1 dB loss. 
Unfortunately, conventional alignment devices typically 
require actuation along at least three mutually orthogonal 
axes in order to generate movement With six degrees of free 
dom. Such actuation, hoWever, does not lend itself to the 
planar structures typically associated With semiconductor 
fabrication and MEMS devices. Therefore there exists a need 
for a micro-scale alignment device con?gured for fabrication 
using micro-scale Wafer fabrication techniques. 

SUMMARY OF THE INVENTION 

One aspect of the present invention includes a micro elec 
tro-mechanical system (MEMS) positioner Which includes a 
stage Within a ?rst layer of semiconductor material. The ?rst 
layer also includes a series of beams, a series of ?rst ?exure 
hinges coupled to the stage and to the beams, and a plurality 
of ?rst controlled input thermal actuators extending longitu 
dinally therein. The ?rst actuators are coupled to the ?rst 
beams at spaced locations thereon. A second stage extends in 
a planar direction Within a second layer of semiconductor 
material. The second layer also includes a series of second 
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2 
beams, a series of second ?exure hinges coupled to the second 
stage and to the second beams, and a series of second con 
trolled input thermal actuators extending longitudinally 
therein. The second actuators are coupled to the second 
beams at spaced locations thereon. The ?rst layer is super 
posed With the second layer, Which are coupled to one another 
by an intermediary layer Which extends intermittently in the 
planar direction. Each of the ?rst and second actuators are 
selectively actuatable to effect longitudinal expansion 
thereof, so that relative actuation betWeen individual ones of 
actuators spaced in the planar direction relative to one another 
is con?gured to generate controlled movement of the stage 
Within the planar direction, and so that relative actuation 
betWeen individual ones of actuators spaced orthogonally to 
the planar direction relative to one another is con?gured to 
generate controlled movement of the stage out of the planar 
direction. The relative position betWeen the stage and the 
support is adjustable in each of six degrees of freedom, so that 
the compliant mechanism forms a quasi-static precision 
manipulator. 

Another aspect of the invention includes a micro electro 
mechanical system (MEMS) positioner including a stage and 
at least one beam extending in a planar direction, With a series 
of ?exure hinges coupled to the stage and to the beams. A 
series of controlled input thermal actuators extend longitudi 
nally Within a ?rst planar layer, being coupled to the beam at 
spaced locations thereon. A series of members extend longi 
tudinally Within a second planar layer, and are coupled to the 
beam at spaced locations thereon. The ?rst layer is super 
posed With the second layer. Each of the actuators are selec 
tively actuatable to effect longitudinal expansion thereof, so 
that actuation of the actuators is con?gured to generate con 
trolled movement of the stage out of the planar direction and 
the compliant mechanism forms a quasi-static precision 
manipulator. 
A further aspect of the invention includes a micro electro 

mechanical system (MEMS) actuator assembly including a 
?rst actuator extending longitudinally in a ?rst planar layer of 
semiconductor material, to form an electrical pathWay there 
through, having a relatively high resistance portion and a 
relatively loW resistance portion. A similar second actuator 
extends longitudinally in a second planar layer of semicon 
ductor material, so that the ?rst and second layers are super 
posed With one another With the loW resistance portions being 
coupled to one another, and With the high resistance portions 
being free of one another. Each of the ?rst and second actua 
tors are con?gured for selective actuation by selectively con 
veying electric current therethrough, to generate thermal 
expansion of the relatively high resistance portions thereof, so 
that common actuation of both the ?rst and second actuators 
is con?gured to generate movement of the actuator system 
Within a planar direction; and actuation of one relative to the 
other of the ?rst and second actuators is con?gured to gener 
ate controlled movement of the system out of the planar 
direction. 

Another aspect of the invention includes a micro electro 
mechanical system (MEMS) actuator assembly including a 
thermal actuator extending longitudinally in a ?rst planar 
layer, the actuator forming an electrical pathWay there 
through. A member extends longitudinally in a second planar 
layer, so that the ?rst layer and the second layer are parallel to 
one another, and the actuator and member are coupled to one 
another. The actuator is con?gured for actuation by selective 
application of electricity thereto, to generate expansion 
thereof, so that actuation of the actuator is con?gured to 
generate controlled movement of the system out of the planar 
direction. 
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A yet further aspect of the invention includes a method of 
fabricating a positioner. The method includes providing a 
semiconductor Wafer having at least tWo device layers alter 
nately superposed With at least tWo oxide layers, applying a 
mask layer to the uppermost device layer, etching exposed 
portions of the uppermost device layer, and etching exposed 
portions of the uppermost oxide layer. The method further 
includes removing the mask layer, applying a metalliZation 
layer onto exposed portions of the device layers, masking 
portions of the metalliZation layer, to mask a desired contact 
area, etching the metalliZation layer to remove unWanted 
portions thereof, and removing the mask from remaining 
metalliZation to reveal contact areas. Additional steps include 
masking exposed areas of the Wafer, etching exposed portions 
of the exposed device layer, etching exposed portions of the 
exposed oxide layer, etching exposed portions of exposed 
device layer, and masking the underside of the Wafer and 
protecting the topside of the Wafer. The underside of the Wafer 
is then etched to an oxide layer, folloWed by applying a 
vaporiZed etchant to the Wafer to remove exposed portions of 
oxide layer; and removing the mask. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a chart shoWing typical insertion losses associated 
With ?ber optic misalignment; 

FIG. 2 is a perspective schematic vieW of a typical ?ber 
optic alignment application; 

FIG. 3 is a schematic plan vieW of an exemplary embodi 
ment of a positioner of the present invention; 

FIG. 4 is a schematic perspective vieW of an actuator, on an 
enlarged scale, of the embodiment of FIG. 3; 

FIG. 5 is a schematic cross-sectional vieW, taken along 5-5 
of FIG. 3; 

FIG. 6A is a vieW similar to that of FIG. 3, With the 
positioner actuated to generate rotational movement about 
the Z-axis; 

FIG. 6B is a vieW similar to that of FIG. 3, With the posi 
tioner actuated to generate translational movement along the 
y-axis; 

FIG. 6C is an elevational schematic vieW of the embodi 
ment of FIGS. 6A & 6B, actuated to generate translational 
movement along the Z-axis; 

FIG. 7 is a graphical representation of the temperature 
pro?le of a portion of the embodiment of FIG. 5; 

FIGS. 8A-8F are vieWs similar to those of FIGS. 6A & 6B, 
of various alternate embodiments of the present invention 
actuated to generate translational movement in the x-direc 
tion; 

FIG. 9 is a chart shoWing simulated results for the embodi 
ments of FIGS. 8A-8F; 

FIGS. 10A-10C are cross-sectional elevational vieWs simi 
lar to that of FIG. 5, of optional structures being applied to an 
embodiment of the present invention; 

FIG. 11 is a table of cross-sectional elevational vieWs simi 
lar to those of FIGS. 10A-10C, of various steps in the fabri 
cation of the embodiment of FIGS. 3 and 5; 

FIGS. 12A and 12B are graphical representations of theo 
retical vs. actual test results of an embodiment of the present 

invention; 
FIG. 13 is a plan vieW ofa portion ofan alternate embodi 

ment of the present invention; 
FIG. 14 is a chart of test results comparing aspects of 

various embodiments of the subject invention; and 
FIG. 15 is a vieW similar to that of FIG. 3, of an alternate 

embodiment of the present invention including various 
optional aspects. 
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4 
DETAILED DESCRIPTION 

Referring to the accompanying ?gures, the present inven 
tion is directed to a micro-scale alignment device (e.g., nan 
opositioner) adapted to provide six-axis alignment (i.e., 
movement With six degrees of freedom) in microsystems such 
as MEMS devices. For example, With reference to FIG. 2, an 
embodiment of the present invention shoWn as nanoposi 
tioner 20, may be installed Within a ?ber alignment device 22 
to align optics 24 With a ?ber 26. As shoWn in FIG. 3, in this 
embodiment, nanopositioner 20 is a planar, monolithic, 
micro-scale device Which generates controlled displace 
ments/motions via compliance of the device’s structure. This 
device 20 includes an inner stage 30 supported via hinges 32 
by beams 34. Beams 34 are coupled, e.g., at opposite ends 
thereof, to distal ends of actuators 36. Proximal ends of actua 
tors 36 are secured to ground 38. 

Advantageously, nanopositioner 20 does not require joints 
and therefore avoids the friction, Wear and hysteresis errors 
associated With conventional macro-scale devices, and Which 
tend to preclude their use in nanomanipulation (e.g., MEMS) 
applications. Moreover, this device 20 provides desired six 
axis alignment, including both in-plane and out-of-plane 
movement, using only in-plane actuators. As Will be dis 
cussed in greater detail hereinbeloW, embodiments of the 
present invention accomplish this movement using an unor 
thodox multiple layer approach Which generates out-of-plane 
motion Without the use of out-of-plane actuators.As typically 
used, and as used herein, ‘in-plane’ motion refers to motion in 
the x, y, and 62 directions (FIG. 3), While ‘out-of-plane’ 
motion refers to motion in the 6x, By, and Z directions. 

Examples of device 20 have been shoWn to achieve six-axis 
alignment in a Work volume (i.e., Work envelope) as small as 
5><5><2 um3 , With nanometer/micro-radian resolution (e. g., 
resolution of 0.01 5 pm With repeatability of 5 nanometers and 
a force of approximately 150 uN from a device With a 1 mm2 
device footprint. These embodiments are easily scalable, and 
additional examples, e.g., having footprints of 1.2, 1.5 and 3 
mm2 have been built. Moreover, exemplary devices having a 
Work volume of 6><6>< l 0 um3 have been shoWn to generate up 
to 500 uN of force, to exhibit a force ratio of approximately 80 
uN of force for each 1 um of in plane Work envelope. The 
combination of these abilities makes embodiments of the 
present invention capable of practical, six-axis alignment of 
small-scale components. These embodiments may thus be 
used in many micro-scale applications, such as MEMS, ?ber 
optic components including Wave guides and sources/receiv 
ers, and micro-photonic components/ chips. In addition, 
embodiments of the present invention may be con?gured to 
provide for long term ?xation Without poWer. 

These and other advantages of this invention Will become 
evident in light of the folloWing detailed discussion of various 
embodiments thereof. 

Turning noW to FIG. 4, embodiments of the present inven 
tion are provided With a generally U-shaped actuator 36. 
Actuator 36 extends longitudinally along a length L Within a 
?rst planar layer of thickness H as shoWn. This actuator is 
fabricated from, or otherWise includes electrically conductive 
or semiconductive material(s) so that it effectively forms a 
U-shaped electrical pathWay extending betWeen contacts dis 
posed proximate to ?rst and second grounded end portions 
40, 42, respectively. In particular embodiments, actuator 36 is 
fabricated from a semiconductor material as discussed here 
inbeloW. In these embodiments, the electrical pathWay is 
formed by a relatively narroW, and high resistance, portion 44 
separated by a gap G from a relatively Wide, and loW resis 
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tance, portion 46. An open neck portion 48 facilitates dis 
placement as discussed hereinbeloW. 

During operation, current passing through actuator 36 
along the U-shaped electrical pathWay tends to heat up high 
resistance portion 44, While loW resistance portion 46 remains 
relatively cool. This action generates longitudinal expansion 
of the portion 44 relative to portion 46, Which displaces actua 
tor 36 in the direction of displacement D as shoWn. 

Turning noW to FIG. 5, device 20 is provided With a mul 
tiple layer construction, to include a ?rst set of actuators 36 
disposed on the ?rst layer, and a second layer of actuators 36' 
disposed on a second layer. In the embodiment shoWn, a 
spacer layer 37 is used to physically join, While separating 
and thermally insulating, the ?rst and second layers to effec 
tively form a three-layer construction. Stage 30, 30' may be 
optionally provided With a central bore 31, 31' to facilitate 
some positioning applications. 
The multi-layer architecture, While tending to be counter 

intuitive for the reasons discussed beloW, advantageously 
provides device 20 With both in-plane and out-of-plane 
motion. For example, simultaneous actuation of both super 
posed ?rst and second actuators 36 and 36' generates move 
ment of stage 30, 30' ‘in-plane’ such as shoWn in FIGS. 6A & 
6B. In FIG. 6A, alternate pairs of actuators 36 and 36' have 
been actuated to generate in-plane rotation of stage 30 around 
the Z-axis. In FIG. 6B, all but tWo of the actuator pairs 36, 36' 
have been actuated to displace stage 30 along the y-axis. 

Out-of-plane motion may be generated by activating actua 
tors 36, 36' independently of one another, (or energiZing them 
With different poWer levels to achieve combinations of in 
plane and out-of-plane displacement). As shoWn in FIG. 6C, 
actuators 36 have been activated Without activating actuators 
36', to move stage 30 in the —Z direction. 

Those skilled in the art Will recogniZe that nominally any 
combination of actuators 36, 36' may be activated to generate 
movement of stage 30 in any one or more of six degrees of 
freedom, i.e., x, y, Z, 0x, By, 02, alone or in combination. 

Advantageously, this multi-layered construction enables 
both in-plane and out-of-plane motion solely by use of in 
plane actuators. This aspect facilitates fabrication on a 
micrometer scale, e.g., on a semiconductor Wafer, for MEMS 
and other micro-scale applications, using many conventional 
semiconductor/ integrated circuit (IC) fabrication techniques, 
despite conventional Wisdom in this regard. Conventional 
Wisdom generally indicates that the bond formed betWeen 
layers fabricated using techniques such as chemical vapor 
deposition, microlithography, and etching (e. g., deep reactive 
ion etching (DRIE)) Would likely fail due to shear When 
subjected to the out-of-plane loading described herein. Sur 
prisingly, hoWever, ?nite element simulations and tests of the 
multi-layered silicon-based embodiments of the present 
invention have demonstrated out-of-plane movement of stage 
30, 30' Without buckling or delamination. 

Yet another unexpected advantage of the multi-layered 
construction of embodiments of the present invention is the 
ability to achieve a high degree of ?atness. Flatness is a 
quality that is highly desirable for micro-scale precision 
manipulators such as device 20, but is relatively dif?cult to 
achieve in MEMS devices. While not Wishing to be tied to any 
particular theory, applicants suspect that embodiments hereof 
attain their high degree of ?atness because residual stresses 
inherent in each single layer as a result of conventional 
MEMS fabrication techniques, tend to offset one another. 
Thus, any stresses Within one of the tWo outer layers are 
effectively balanced by those of the other outer layer. The 
?atness of the central stage has been shoWn to be as small as 
a +/—l um deviation over 3 mm siZe. 
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6 
Another factor tending to militate against the multi-layered 

approach of the instant invention is the high thermal conduc 
tivity of silicon and other semiconductors. It Would thus be 
expected that the heat generated during activation of actuator 
36 Would tend to transfer readily to its mirror image actuator 
3 6' and prevent the creation of a thermal gradient betWeen the 
layers su?icient to generate the required out-of-plane move 
ment. The instant applicants, have, hoWever, overcome this 
dif?culty through the use of the aforementioned intermediary 
layer (e.g., SiOZ). 

In this regard, attention is directed to FIG. 7, Which is a 
simulated, representative thermal pro?le taken through the 
high resistance portions (FIG. 4) of an activated actuator 36, 
an adjacent inactive actuator 36', and an intermediate layer of 
SiO2 disposed therebetWeen. This pro?le indicates that even 
in the event that a portion of actuator 36 Were as high as 900 
degrees K, a corresponding portion of actuator 36', separated 
from actuator 36 by only a one micron thickness of SiO2, 
Would remain at or beloW approximately 380 degrees K to 
provide a signi?cant thermal gradient. Moreover, an air gap, 
such as provided betWeen portions (e.g., high resistance por 
tions) of adjacent actuators 36, 36' is expected to provide even 
greater thermal isolation for an even greater thermal gradient. 

Turning noW to FIGS. 8A-8F, various embodiments of the 
invention desirably utiliZe actuators that are relatively stiff in 
their lateral directions, While providing compliant support for 
stage 30 in the longitudinal direction. Device 20 provides the 
requisite lateral stiffness through the use of actuators 36, 36', 
as shoWn and described hereinabove, While the desired lon 
gitudinal compliance is provided by beams 34 (FIG. 3). 
Although the con?guration of device 20 has been found to 
meet these requirements, many other con?gurations may be 
devised to provide the desired functionality. Examples of 
various alternate con?gurations are shoWn in FIGS. 8A-8E, 
With device 20 shoWn in FIG. 8F. In these ?gures, each 
embodiment is shoWn With its actuators selectively activated 
to generate displacement in the x-direction. 

Simulated results for each of the embodiments of FIGS. 
8A-8F are shoWn in FIG. 9. These results indicate that device 
20 (FIG. 8F) provides the highest maximum displacement of 
the center of its stage, and the highest transmission ratio. As 
used herein, ‘transmission ratio’ refers to the ratio of the 
movement of the center of stage 3 0, 30' to the movement at the 
distal end of actuators 36, 36'. While these embodiments 
provide a transmission ratio ranging from about 0.05 to about 
0.8, in light of the disclosures herein, the skilled artisan Will 
recogniZe that embodiments of the present invention may be 
con?gured With a transmission ratio Within a range extending 
from much smaller than one, e.g., on the order of 0.05, to 
orders of magnitude larger, e.g., on the order of 10-50. Turn 
ing noW to FIGS. 10A-10C, as an additional option, a ?xation 
layer 50 may be utiliZed. For clarity of exposition, and for 
convenience, ?xation layer 50 is shoWn and described as 
being applied to a device 20, of Which only the upper layer 
thereof, including actuators 36 and stage 30, is shoWn. It is to 
be understood that a similar ?xation layer may be applied to 
any of the embodiments shoWn and described herein. 

Fixation layer 50 serves to maintain the relative position of 
stage 30, 31', Without requiring a continuous supply of poWer 
to the device 20. Fixation layer 50 may be fabricated from the 
same material as that of device 20, e.g., using similar fabri 
cation techniques. 

For example, layer 50 may be patterned, e.g., using con 
ventional etching/masking techniques, to produce a heater 
portion 53 supported by a spacer layer 51, to extend in spaced, 
superposed orientation With device 20. A portion of layer 50 
may also be deposited onto stage 30, e. g., atop a suitably siZed 










